Neisseria gonorrhoeae is a common sexually transmitted pathogen that significantly impacts female fertility, neonatal health, and transmission of HIV worldwide. N. gonorrhoeae usually causes localized inflammation of the urethra and cervix by inducing production of IL-1␤ and other inflammatory cytokines. Several NLR (nucleotide-binding domain, leucine-rich repeat) proteins are implicated in the formation of pro-IL-1␤-processing complexes called inflammasomes in response to pathogens. We demonstrate that NLRP3 (cryopyrin, NALP3) is the primary NLR required for IL-1␤/IL-18 secretion in response to N. gonorrhoeae in monocytes. We also show that N. gonorrhoeae infection promotes NLRP3-dependent monocytic cell death via pyronecrosis, a recently described pathway with morphological features of necrosis, including release of the strong inflammatory mediator HMBG1. Additionally, N. gonorrhoeae activates the cysteine protease cathepsin B as measured by the breakdown of a cathepsin B substrate. Inhibition of cathepsin B shows that this protease is an apical controlling step in the downstream activities of NLRP3 including IL-1␤ production, pyronecrosis, and HMGB1 release. Nonpathogenic Neisseria strains (Neisseria cinerea and Neisseria flavescens) do not activate NLRP3 as robustly as N. gonorrhoeae. Conditioned medium from N. gonorrhoeae contains factors capable of initiating the NLRP3-mediated signaling events. Isolated N. gonorrhoeae lipooligosaccharide, a known virulence factor from this bacterium that is elaborated from the bacterium in the form of outer membrane blebs, activates both NLRP3-induced IL-1␤ secretion and pyronecrosis. Our findings indicate that activation of NLRP3-mediated inflammatory response pathways is an important venue associated with host response and pathogenesis of N.
N eisseria gonorrhoeae (gonococcus) is one of the most common sexually transmitted bacterial pathogens. Worldwide, N. gonorrhoeae accounts for an estimated 60 million cases of urethritis and cervicitis each year (1) . During gonococcal infection, there is a local inflammatory response to mucosal invasion by the organism. In women, N. gonorrhoeae infections also lead to major complications including pelvic inflammatory disease, infertility (via inflammatory scarring of the fallopian tubes), and neonatal disease. The host innate immune responses to N. gonorrhoeae are critical in dictating the local inflammatory response to gonococcus, which, in turn, mediate many of the complications of infection by this organism.
Despite the initial innate immune response, most patients develop little adaptive immunity to N. gonorrhoeae and re-exposure frequently results in recurrent infection (2) . The mechanisms leading to this poor adaptive immune response are unknown. N. gonorrhoeae is known to engage immunosuppressive signaling pathways in B and T lymphocytes (3, 4) . However, there have been no reports of such immunosuppressive signaling in APCs, which act as the bridge between the innate and adaptive immune system. Several cytokines have been implicated in mediating inflammation associated with gonococcal infection. Experimental infection with N. gonorrhoeae in human subjects has been shown to result in measurable increases in systemic and urethral proinflammatory cytokine levels, including IL-1␤ (5, 6) . In women with naturally acquired gonococcal cervicitis, the levels of systemic inflammatory cytokines are not significantly elevated except in the presence of coinfection with other sexually transmitted infections (7) . The source of these cytokines is likely to include local epithelial cells, resident phagocytes, and recruited immune cells. Various immortalized epithelial cell lines have been shown to increase expression of IL-1␤ and other cytokines after exposure to N. gonorrhoeae (8, 9) . PBMC (primarily lymphocytes) exposed to N. gonorrhoeae produce a number of T cell-associated cytokines, including IL-2, 4, 8, 10, and 12 (10) .
Macrophages and other phagocytes are critical cells in the innate immune response to pathogens that are sensed in the environment *Department of Medicine, Division of Infectious Diseases, † Curriculum in Oral Biology, and phagocytized. In addition to living freely in the extracellular space, N. gonorrhoeae has the capacity to penetrate the cytoplasm of these phagocytes, posing additional difficulties to its detection and elimination by the innate immune system.
There are now at least four known families of signaling effectors involved in the innate recognition of pathogens: TLRs, NLRs, RIG-I-like helicases, and the C-lectin receptors (CLRs) 3 (11) (12) (13) . Although the RIG-I-like helicases are thought to play roles primarily in innate recognition of viral pathogens, the TLRs, CLRs, and NLRs have all been implicated in recognizing or responding to various bacterially derived compounds. Recognition of extracellular gonococcal lipooligosaccharide (LOS) can be mediated by TLR4 and the CLR DC-SIGN (14, 15) . Additionally, innate recognition of several N. gonorrhoeae-derived proteins, including Porin and Lip, induces lymphocyte activation that is dependent on TLR2 (16, 17) . To date, the role of intracellular NLR proteins in the recognition of N. gonorrhoeae remains uncharacterized.
The NLR gene product NLRP3 (also known as cryopyrin, NALP3, Pypaf1, and CLR1.1), is required for IL-1␤ induction by the innate immune system in response to a large number of bacterial pathogens and proinflammatory substances (18 -23) . NLRP3 can also be activated by mutations in its nucleotide-binding domain (24) . In humans, these mutations are associated with the periodic fever syndrome (cryopyrin-associated periodic syndrome) (25) . Upon activation, NLRP3 assembles with caspase 1 (the protease responsible for cleaving pro-IL-1␤ to its mature form), ASC1, Cardinal/TUCAN, and potentially other proteins to produce one of several IL-1␤-processing complexes known as "inflammasomes" (26) . The activation of the NLRP3 inflammasome has recently been shown to occur both in the setting of exposure to pathogen-associated molecular patterns and other molecular signs of danger, known as danger-associated molecular patterns. In addition to production of IL-1␤, activation of NLRP3 by mutation or pathogens also initiates a proinflammatory, necrotic cell death program in monocyte-derived cell lines (27, 28) .
We now demonstrate that N. gonorrhoeae potently activates NLRP3-dependent signaling pathways to elicit IL-1␤ secretion. Our studies suggest that the NLRP3/inflammasome signaling pathway is critical to the secretion of mature IL-1␤, which has been observed in humans infected with gonococci (GC). Additionally, we have demonstrated that gonococcus causes the activation of the cysteine protease cathepsin B. Inhibition of this protease reduced NLRP3-mediated pyronecrosis and IL-1␤ secretion in monocyte-derived cells. Isolated gonococcal LOS, which is shed through membrane blebbing by this organism, also elicited both of these NLRP3-mediated signaling responses. LOS-induced activation of this signaling system likely represents a major component of the inflammatory signaling involved in the pathogenesis of infections caused by N. gonorrhoeae.
Materials and Methods

Electrophoresis, immunoblot analysis, and caspase activity analysis
SDS-PAGE electrophoresis was conducted using the NUPAGE system (Invitrogen) according to the manufacturer's protocols. Immunoblot analysis for HMGB1, caspase 3, poly(ADP-ribose) polymerase (PARP), and actin was performed as described by Willingham et al. (28) . Abs to HMGB1 were from Immuno Diagnostic Oy, caspase 3 from Cell Signaling, and PARP, actin, and HRP-conjugated secondary Abs were all from Santa Cruz Biotechnology. Immunoblot analysis for caspase 1 p10 was conducted using a modified immunoprecipitation/immunoblot protocol described in the study by Williams et al. (29) . Cellular lysates for analysis of caspase 1 p10 were prepared by the addition of proteinase inhibitors (Complete; Roche) and Nonidet P-40 (final concentration 0.1%) to the treated cell cultures followed by centrifugation at 13,000 ϫ g for 10 min. Caspase 1 and actin were then simultaneously immunoprecipitated as described using Abs to caspase 1 p10 (sc-515) and actin (sc-7210) from Santa Cruz Biotechnology. The immunoprecipitated proteins were analyzed by immunoblot with Abs directed to caspase 1 (IMG-5028; Imgenex) and actin (sc-8432 HRP; Santa Cruz Biotechnology).
To assess caspase inhibition, THP-1 cells were prepared at 1 ϫ 10 7 cells/ml and incubated with inhibitors to the following caspases: caspase 1 (Ac-YVAD-CHO; BIOMOL), caspase 3 (Ac-DEVD-CHO; BIOMOL), or pan-caspase (Ac-VAD-CHO; BIOMOL) at 20 M or DMSO (vehicle) for 4 h. Cell lysates were prepared by addition of CHAPS detergent (0.5% final concentration) followed by centrifugation at 13,000 ϫ g for 10 min. The soluble lysates were added to 1U of recombinant caspase 1 or caspase 3 (Biovision) and after 10 min caspase activity in the sample was assessed using fluorometric assay kits for either caspase 1 or caspase 3 (Biovision) according to the manufacturer's protocol.
Culture and preparation of N. gonorrhoeae and nonpathogenic Neisseria species N. gonorrhoeae strain FA1090 was used for all described experiments (30) . Neisseria cinerea and Neisseria flavascens were provided to P. F. Sparling by J. Knapp of the Neisseria Reference Laboratory (31) . N. gonorrhoeae can express one or more of 13 different Opa genes on its surface. Because expression of these proteins shifts with time and may alter cellular adherence and activation of host signaling pathways, a stock of piliated, opaque N. gonorrhoeae was prepared as a mixed population for experimental cell infections. The FA1090 was plated and grown for 20 h on a gonococcal media base (GCB) agar at 37 o C in 5% CO 2 . Approximately 200 optically opaque, piliated colonies were picked using a toothpick and inoculated into GCB medium. The medium was plated onto GCB agar plates and grown overnight. Approximately 10 6 colonies were harvested using a sterile swab and inoculated into GC freezing medium and frozen at Ϫ80 o in 50-l aliquots at a density of ϳ1 ϫ 10 8 CFU/ml. Opa protein expression was determined by whole cell immunoblotting 98 individual colonies and probing with a combination of five specific anti-Opa mAbs (32) . These studies revealed that the frozen population was Ͼ80% Opa expressing and biased toward the optically opaque Opas (OpaA, OpaD, and OpaI in FA1090). On the day before cell infection experiments, a stock aliquot of N. gonorrhoeae was thawed and plated as serial dilutions on GCB agar. After growing overnight, N. gonorrhoeae colonies from a plate containing ϳ10 4 colonies were harvested by sterile swab and inoculated into RPMI 1640 with 10% FBS. Bacterial density was estimated by measuring the OD 600 and confirmed by plating of serial dilutions. N. gonorrhoeae resuspended in RPMI 1640/10% FBS was used to inoculate cultured monocytes, macrophages, or THP-1 cells.
Preparation of N. gonorrhoeae-conditioned medium N. gonorrhoeae was prepared for inoculation into tissue culture as described above. This preparation was placed in a shaking incubator (37°C and 5% CO 2 ) for 2 h. The N. gonorrhoeae-conditioned medium was recovered by centrifugation of this preparation at 16,000 ϫ g for 10 min and subsequent filtration of the supernatant through a sterile 0.2-m filter. This conditioned medium was placed in a centrifugal ultrafiltration device (Amicon Ultra-4; Millipore) with a 100-kDa molecular mass cutoff. The filtrate was collected and the retentate was reconstituted to its original volume with RPMI 1640/10% FBS.
Cell culture and infection with N. gonorrhoeae or treatment with LPS
THP-1 cells and small hairpin RNA (shRNA)-expressing derivatives were cultured in RPMI 1640 with 10% FBS supplemented with penicillin and streptomycin (28, 33) . Primary human monocytes were isolated from donated human peripheral blood (Red Cross) using Ficoll-Hypaque centrifugation and adherence as described by Haskill et al. (34) . Escherichia coli K12 LPS was obtained from InvivoGen. Purification of N. gonorrhoeae LOS from strains PID2 and DOV was conducted using hot phenol extraction as previously described (15, 35) . Undifferentiated THP-1 cells were used for all infections with N. gonorrhoeae. THP-1 (and THP-derived) cells and PBMC-derived monocytes were washed in antibiotic-free medium twice, resuspended in antibiotic-free medium at a density of 0.5 ϫ 10 6 cells/ml, and inoculated with the indicated dose of gonococcus. The cells were spun at 500 ϫ g for 10 min. In some experiments, the cells were treated after washing and before inoculation with N. gonorrhoeae with proteinase inhibitors, including selective cathepsin B (Ca-074-me; Calbiochem), cathepsin L (Z-FY(OtBu)-COCHO or cathepsin L inhibitor V; Calbiochem), caspase 1 (Ac-YVAD-CHO; BIOMOL), caspase 3 (Ac-DEVD-CHO; BIOMOL), or pan-caspase (Ac-VAD-CHO; BIOMOL) at indicated concentrations or DMSO (vehicle) for 30 min before addition of bacteria. The cells were resuspended in the medium and transferred to sterile plates. Tissue culture plates were returned to 5% CO 2 humidified incubators for indicated times and harvested for analysis of cell death, cytokine secretion, or protein analysis by Western blot at indicated times.
Maintainance and care of Nlrp3
Ϫ/Ϫ and Asc Ϫ/Ϫ mice and generation of bone marrow-derived macrophage
The generation of Nlrp3 Ϫ/Ϫ and Asc Ϫ/Ϫ mice has been described previously (22, 36) . The mice were provided by Millenium Pharmaceuticals and Dr. V. Dixit (Genentech), respectively, and were subsequently backcrossed onto the C57BL/6J genetic background for at least nine generations. Ageand sex-matched C57BL/6J mice purchased from The Jackson Laboratory were used as wild-type controls. The mice were maintained according to institutional policies. Bone marrow-derived macrophages were isolated as previously described and cultured for 7 days in 30% L929 cell-conditioned medium (28) . The cells were treated with N. gonorrhoeae as noted above for THP-1 cells and secreted Il-1␤ was determined after this treatment without the addition of exogenous ATP. All protocols used in this study were approved by the Institutional Animal Care and Use Committees at the University of North Carolina (UNC).
Cytokine analysis
Secreted IL-1␤, IL-18, and TNF-␣ were detected in cell culture supernatants using ELISA kits from R&D Systems. Multiplex cytokine bead arrays were performed by the UNC Center for Oral and Systemic Diseases General Clinical Research Center Bioanalytical Core Laboratory using the Human Fluorokine MAP Base Kit, Panel A kit (R&D Systems). For anticytokine array analysis, cell-free supernatants were harvested from N. gonorrhoeae (multiplicity of infection (MOI) ϭ 4, 20 h)-infected THP-1 cells. Supernatants were analyzed using RayBio Human Cytokine Ab Array G Series 2000 (RayBiotech). Axon scanner 4000B with GenePix software was used to collect fluorescence intensities from cytokine-bound Ab spots. These values were normalized to the ratio of positive control values for each sample. Afterward, the total normalized florescence values of replicate spots were averaged and expressed as fold increase over the noninfected sample. Where the raw fluorescence values of replicate spots deviated more than 2-fold from each other, the cytokine was removed from the data set.
Analysis of cell death
Trypan blue exclusion was performed by mixing cultured cells in a 1:1 ratio with trypan blue solution (0.4%; Sigma-Aldrich) that was filtered through a 0.2-m filter. Twenty microliters of the mixtures was applied to Cellometer slides (two or three independent slides for each sample) and counted using the automated Cellometer Auto T4 (Nexcelom Bioscience) according to the manufacturer's protocols. Cell death was also assessed by measuring release of cytoplasmic lactate dehydrogenase (LDH) into the culture medium using the Cytotox-ONE Homogenous Membrane Integrity Assay from Promega. Cell death was examined qualitatively by fluorescent microscopy as follows. THP-1 cells were infected with N. gonorrhoeae at MOI ϭ 0. 6 cell/ml were incubated with N. gonorrhoeae at the indicated MOI as noted in the experimental methods. At 4 h, extracellular bacteria were killed by addition of gentamicin. Supernatants were collected and cytokine production was quantitated using multiplexed cytokine bead arrays. Each of two bars at each dose of infection represents an independent experiment. B, Primary monocytes were isolated from human blood as described in Materials and Methods. The cells were seeded in plates at a density of 1.0 ϫ 10 6 cells/ml and were infected with gonococcus at an MOI of 0.2. The samples were processed and cytokines were measured as described in A. The ‫ء‬ indicates cytokine levels below 1 pg/ml and H indicates cytokine levels were greater than the highest standard measured, 150,000 pg/ml. performed in triplicate. In experiments using staurosporine to induce apoptosis, 1 mM staurosporine in DMSO (Staurosporine Ready Made Solution; SigmaAldrich) was added to cultures to a final concentration of 1 M.
Electron microscopy
THP-1 cells were infected with N. gonorrhoeae at MOI ϭ 2 as described above. The cells were pelleted by centrifugation and washed in PBS, then fixed in 2% paraformaldehyde, 2.5% glutaraldehyde in 0.15 M sodium phosphate (pH 7.4) 4 h after infection. Electron microscopy was performed at the UNC Microscopy Services Laboratory.
Analysis of cathepsin B activation
THP-1 cells were incubated with or without the cell-permeable cathepsin B inhibitor (Ca-074-me; [L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl]-Lisoleucyl-L-proline methyl ester) for 15 min. The cells were then exposed to medium with or without N. gonorrhoeae at an MOI of 2 as described above. All cells were then incubated with Magic Red Cathepsin B Substrate (Immunochemistry Technologies) for 2 h. The cells were pelleted after centrifugation and washed with PBS and fixed with 0.1% paraformaldehyde. The levels of fluorescent Magic Red Cathepsin B Substrate present in the cells were quantitated using flow cytometry.
Results
N. gonorrhoeae induces chemotactic and inflammatory cytokine production in monocyte-derived cells and primary monocytes
We broadly examined the production of inflammatory mediators from the human monocyte-derived cell line THP-1 in response to N. gonorrhoeae exposure qualitatively using anti-cytokine Ab arrays, which contain Abs to 175 inflammatory mediators (Table I  and supplemental Table I 4 ). The most dramatically induced mediators in these cells included the chemotactic cytokines MIP-1␣, MIP-1␤, MCP-2, and MIP-3. Of the other secreted inflammatory mediators, IL-1␤, IL-10, and IL-15 were the most highly induced secreted interleukins and the secreted proteinases matrix metalloproteinase 9 and matrix metalloproteinase 13 were among the most highly induced factors (Table I) . A smaller panel of inflammatory mediators and growth factors produced by THP-1 cells and primary monocytes was assessed quantitatively using multiplexed anticytokine bead arrays (Fig. 1 ). Although differences in the baseline levels of many cytokines were observed between preparations of primary monocytes, likely the result of the use of primary cells derived from different donors in each experiment, the N. gonorrhoeae-induced cytokine secretion profile seen in THP-1 cells was very similar to isolated human circulating primary monocytes. G-CSF was produced by both THP-1 and monocytes. MIP-1␣ and MIP-1␤ were also both induced dramatically in both cell types while other chemotactic factors, including MCP-1 and RANTES, were induced to a much lesser extent and inconsistently. TNF-␣, IL-1 (␣ and ␤), IL-8, and IL-10 were all produced in response to 4 The online version of this article contains supplemental material. cell/ml were incubated with GC at the indicated MOI as noted in the experimental methods. At 4 h, extracellular bacteria were killed by addition of gentamicin. Supernatants were collected after 4 h (f) and 20 h (Ⅺ) and secreted IL-1␤ was measured by ELISA. B, Primary monocytes were isolated from PBMC by adherence. The cells were seeded at 1 ϫ 10 6 cell/ml and incubated with GC at the indicated MOI. At 4 h, extracellular bacteria were killed by addition of gentamicin and supernatants were collected. C, THP-1-derived cell lines stably transduced with shRNAexpressing retrovirus were infected with GC at an MOI of 2.0 and IL-1␤ production was determined at 4 h as described in A. The shRNAs are directed to knock down expression as follows: shCON, negative control (scrambled sequence with base content equal to shASC); shASC, shRNA directed against apoptotic speck-containing protein; shNLRP3, shRNA directed against NLRP3. D, Bone marrow-derived macrophages were isolated from C57BL/6 mice which were either wild type (WT) or bearing genetic knockout of the genes encoding NLRP3 (Nlrp3 N. gonorrhoeae in THP-1 and primary monocytes. THP-1 cells also generated significant levels of IL-6 secretion in response to N. gonorrhoeae infection, which was not observed in preparations of primary monocytes. As expected, T cell cytokines, including IFN-␥, IL-2, IL-4, IL-5, and IL-17, were not produced in significant quantities by these cells in response to gonococcus. These data indicate that N. gonorrhoeae similarly activates the production of chemotactic and proinflammatory responses in primary monocytes and monocyte-derived cell lines.
N. gonorrhoeae-induced IL-1␤ and IL-18 production requires inflammasome components ASC and NLRP3
Urine and cervical fluid from N. gonorrhoeae-infected individuals contain significant IL-1␤ (5, 6). The cellular source of IL-1␤ in these samples is not known, but resident macrophages derived from circulating monocytes are known to mediate significant IL-1␤ production. Using ELISA, we confirmed that N. gonorrhoeae exposure potently provoked IL-1␤ secretion from THP-1 cells and primary monocytes (Fig. 2, A and B) . The NLR-containing inflammasomes have recently been shown to play an important role in the activation of the IL-1␤-converting enzyme caspase 1 in response to numerous proinflammatory stimuli. We sought to determine whether NLRP3 and ASC, two components of the NLRP3 inflammasome, also play a role in the production of IL-1␤ in response to whole N. gonorrhoeae. We have previously generated stable THP-1-derived cell lines with expression of the inflammasome components NLRP3 or ASC "knocked down" by expression of shRNAs targeting the mRNA encoding those proteins (28, 33) . The levels of NLRP3 and ASC-encoding mRNA and proteins are reduced by Ͼ90% in these cells (28, 33) . These cells demonstrated dramatic reductions in IL-1␤ secretion in response to GC when compared with control cell lines with intact expression of NLRP3 and ASC (Fig. 2C) . Additionally, bone marrow-derived macrophages derived from Asc Ϫ/Ϫ and Nlrp3 Ϫ/Ϫ mice showed insignificant IL-1␤ secretion when compared with bone marrow-derived macrophages from wild-type mice (Fig. 2D) . Immunoblot analysis for the p10 subunit of mature, active caspase 1 demonstrated that both NLRP3 and ASC were required for N. gonorrhoeae-induced activation of caspase 1 in THP-1 cells, indicating that IL-1␤ secretion under these conditions was being regulated at the level of cytokine maturation caspase 1 (Fig. 2D) . Because secretion of mature IL-18 has also been shown to require activation of caspase 1, we tested whether the secretion of IL-18 also required NLRP3 and ASC. THP-1-derived cells secreted significant levels of IL-18 in response to N. gonorrhoeae and this secretion required intact expression of NLRP3 and ASC (Fig. 2E) . These results indicate that production of IL-1␤ and other caspase 1-processed cytokines by gonococcus-exposed macrophages relies primarily on activation of NLRP3/ASC-dependent signaling. Because many Neisseria species are commensal organisms that colonize mucosal surfaces but do not induce robust inflammatory responses, we also examined whether nonpathogenic Neisseria species would activate NLRP3/ ASC-mediated IL-1␤ secretion. Both N. cinerea and N. flavescens caused significantly less IL-1␤ secretion than did N. gonorrhoeae even at an MOI as high as 25 (Fig. 2F) . The IL-1␤ secretion elicited by these commensal Neisseria species was also eliminated in THP-1 cells with knocked down expression of NLRP3 or ASC (supplemental Fig. 1 ). These data suggest that the ability of N. gonorrhoeae to activate the NLRP3-dependent inflammasome and elicit IL-1␤ secretion may be associated with the virulence or pathogenesis of infections caused by this organism.
N. gonorrhoeae induces NLRP3-dependent cell death
In addition to provoking cytokine secretion, N. gonorrhoeae has been found to induce apoptosis in B lymphocytes (3). We found that N. gonorrhoeae also induced cell death in THP-1 cells as measured by release of cytoplasmic LDH into the culture medium (Fig. 3A) and loss of membrane impermeability to propidium iodide (Fig. 3B) or trypan blue (Fig. 3C) . Similar to IL-1␤ secretion, gonococcal-induced cell death required expression of NLRP3 and ASC (Fig. 3D) . Activation of members of the cysteine protease family known as caspases is an apical event in the induction of apoptotic cell death. Under some circumstances, caspase 1 activity is thought to be capable of causing apoptotic cell death (37) . We tested whether N. gonorrhoeae-induced cell death depends on the activity of caspase 1 or other apoptotic caspases by incubating the cells with cell-permeable inhibitors of caspases before infection. The inhibitory action of these agents was confirmed by showing that lysates from treated cells inhibited activity of exogenously added caspase 1 (YVAD) or caspase 1 and caspase 3 (DEVD and VAD) while lysate from control cells had no inhibitory effects, consistent with the reported inhibitory activity of these agents at the concentrations used in the experiment (supplemental Fig. 2 and Ref. 38) . A general caspase inhibitor (VAD) and specific inhibitors of either caspase 1 (YVAD) or caspase 3 (DEVD, which actually inhibited both caspase 1 and caspase 3 at the concentration used) failed to reduced N. gonorrhoeae-induced cell death (Fig. 4, A and  B) . In fact, inhibitors of caspase activity showed a trend toward increased cell death, although none of these increases were statistically significant. Our group has recently shown that activation of NLRP3 by mutation or exposure to the bacteria Shigella flexneri causes pyronecrosis, a program of cell death with necrotic features (28) . Because gonococcus-induced cell death depends on NLRP3 and is independent of caspase activities, we sought to further evaluate the process of N. gonorrhoeae-induced cell death. During apoptosis, both caspase 3 and PARP are cleaved proteolytically. We examined these proteins by immunoblot analysis after exposure to GC or the known apoptotic stimulus staurosporine. N. gonorrhoeaeinduced cell death was not associated with proteolytic activation of caspase 3 or proteolytic cleavage of PARP (Fig. 4C) . Necrotic cell death and apoptosis can also be differentiated by ultrastructural changes observed with transmission electron microscopy. A control THP-1-derived cell line treated with gonococcus demonstrated necrotic morphology including extensive vacuolization, breakdown of the plasma membrane, and intact nuclei. Intracellular bacteria were often observed in association with these dying cells (Fig.  4D ). This morphology is clearly different from nuclear condensation and membrane blebbing observed in cells treated with staurosporine, a known inducer of apoptosis (Fig. 4D) . In marked contrast, THP-1 cells lacking NLRP3 expression did not exhibit significant cell death, even though they could be found containing abundant intracellular bacteria (Fig. 4D) . Necrotic cell death is associated with the early release of intracellular contents, which can further trigger proinflammatory signaling pathways. HMGB1 is a chromatin-associated protein that can activate proinflammatory signaling through the RAGE cell surface receptor following release from necrotic cells. We found that exposure of THP-1 cells to N. gonorrhoeae resulted in release of HMGB1 by 4 h, whereas induction of apoptosis by staurosporine did not (Fig. 4E) . At later time points, HMGB1 is found in the supernatants of apoptotic cells but the quantity is much less than that seen with exposure to gonococcus. As expected, the HMGB1 release induced by N. gonorrhoeae exposure is not blocked by addition of a pan-caspase inhibitor. In sum, these data indicate that N. gonorrhoeae-induced cell death occurs primarily through NLRP3-mediated pyronecrosis.
Activation of the cysteine-proteinase cathepsin B is required for NLRP3-dependent signaling in response to gonococcus
Both IL-1␤ secretion and cell death in response to the pore-forming microbial toxin nigericin are blocked by inhibitors of the cysteine proteinase cathepsin B (39) . Similarly, NLRP3-dependent pyronecrosis, which does not require caspase 1 activity, can also be abrogated by cathepsin B inhibitors (28) . The enzymatic activity of this protease has been shown to be activated by exposure to Salmonella typhimurium (40) . Additionally, the breakdown of lysosomal integrity in response to inflammation-inducing crystals, including silica and aluminum, has recently been implicated in inflammasome activation in response to danger-associated molecular patterns (23, 41) . It is not known whether activation of this enzyme is a common feature of bacterial infections and pathogenassociated molecular pattern-mediated activation of this pathway. We sought to determine whether cathepsin B was playing a role in N. gonorrhoeae-induced inflammatory signaling. First, we found that treatment of THP-1 cells with N. gonorrhoeae induced the cleavage of a cell-permeable fluorescent cathepsin B substrate, Magic Red-RR, and reduction of intracellular fluorescence associated with exposure of cells to this substrate. The cleavage of this substrate could be partially reversed by addition of the specific cell-permeable cathepsin B inhibitor Ca-074-me (Fig. 5A ). We gonorrhoeae-conditioned medium (GC-CM) and N. gonorrhoeae-conditioned medium 100-kDa retentate (CM100R) and filtrate (CM100F) were prepared as described in Materials and Methods. THP-1 cells were incubated with live N. gonorrhoeae (GC) at an MOI of 1 or conditioned medium preparations from an equivalent amount of bacteria for 4 h and secreted IL-1␤ and cell death were assessed as previously described. C and D, THP-1-derived cell lines stably transduced with shRNA-expressing retrovirus (described in Fig. 2) were incubated with the indicated concentration of E. coli-derived LPS or purified gonococcal LOS from strains PID2 or DOV (15, 35) . After 4 h, cell death was determined by measurement of LDH release into the medium and secreted IL-1␤ was determined by ELISA. The shRNAs are directed to knock down expression as follows: shCON, negative control (scrambled sequence with base content equal to shASC); shASC, shRNA directed against apoptotic speck-containing protein; shNLRP3, shRNA directed against NLRP3. LDH release and IL-1␤ secretion into the medium that was not detectable is indicated by an asterisk ‫.)ء(‬ Representative experiments (of three) are shown, the bars indicate mean values of triplicate measurements with error bars representing the SEM.
suspect that Magic Red-RR can also be cleaved by other nonspecific intracellular proteases, which are not susceptible to inhibition by Ca-074-me, thus explaining the partial reversal of substrate cleavage we have observed. Incubation of the cells with this inhibitor also blocked N. gonorrhoeae-induced cell death and release of IL-1␤ and HMGB1 (Fig. 5, B-D) . As previously demonstrated for LPS-induced TNF ␣ secretion, we observed that inhibition of cathepsin B caused a mild reduction in gonococcus-induced TNF-␣ secretion (supplemental Fig. 3 ), suggesting cathepsin B may play a role in multiple cytokine secretion pathways in response to bacterial pathogens (42) . Thus, cathepsin B activation appears to be an apical step in the downstream activities of NLRP3, ASC, and the inflammasome.
N. gonorrhoeae LOS activates NLRP3-mediated signaling
We sought to characterize the mechanism by which N. gonorrhoeae induced NLRP3 activation. We found that N. gonorrhoeaeconditioned medium could activate IL-1␤ secretion and cell death in THP-1 cells (Fig. 6, A and B) . N. gonorrhoeae and other pathogenic Neisseria species are known to produce membrane blebs containing large amounts of LOS as well as gonococcal outer membrane proteins. Much of the IL-1␤ and cell death-stimulating activity in N. gonorrhoeae-conditioned medium was retained by a 100-kDa ultrafiltration device, suggesting that the bulk of the activity was found in outer membrane blebs. However, a small portion of the activity also passed through the filter (Fig. 6, A and B) . To assess whether N. gonorrhoeae LOS was one of the active components in N. gonorrhoeae-conditioned medium, purified LOS from two different N. gonorrhoeae strains were used to stimulate THP-1-derived cell lines. These isolated LOS induced both IL-1␤ secretion and cell death in THP-1 cells (Fig. 6, C and D) . As with stimulation with whole, live GC, these LOS-induced effects required intact expression of both NLRP3 and ASC (Fig. 6, C and  D) . E. coli LPS can activate NLRP3-dependent IL-1␤ secretion in mouse macrophages (18 -22) . However, in mouse macrophages, E. coli LPS-induced IL-1␤ secretion is dramatically enhanced by the addition of extracellular ATP, which activates the P2X7 potassium channel and opens a large pore formed by the protein pannexin, presumably providing cytoplasmic access to the LPS (43) . This additional stimulation is not absolutely required in human macrophages, monocytes, or the monocyte-derived THP-1 cell line. We found no difference in the ability of isolated E. coli LPS and gonococcal LOS to stimulate these NLRP-3-mediated activities (Fig. 6,  C and D) . This suggests that it is the physiological shedding of LOS in outer membrane blebs by N. gonorrhoeae is one mechanism by which these bacteria activate NLRP3-mediated signaling.
Discussion
Monocyte-derived cells, including macrophages and dendritic cells, play critical roles in the innate immune response to pathogens. Macrophages are sentinels which serve to provide chemotactic factors for polymorphonuclear (PMN) cells migrating to the site of an infection. Dendritic cells, and macrophages to a lesser extent, present pathogen-derived Ags to lymphocytes to stimulate protective adaptive immune responses. NLRP3 and its associated inflammasome complex have been implicated in inflammatory responses by monocyte-derived cells to numerous pathogens. We have now shown that infection with N. gonorrhoeae can activate the NLRP3-mediated signaling. This activation is critical for the elaboration of IL-1␤ and IL-18 by the infected cells.
In murine macrophages, many extracellular IL-1␤-inducing stimuli require activation of the purogenic P2X7 receptor and subsequent cytoplasmic potassium depletion to activate caspase 1 and elicit IL-1␤ secretion (28) . Recently, lysosomal disruption has been implicated as another mechanism of NLRP3 activation that occurs during crystal-induced IL-1␤ secretion (41) . S. flexneri requires the Shigella virulence plasmid to induce NLRP3-mediated caspase 1 activation and cell death in murine macrophage, implicating that an intact type III secretion system and/or bacterial invasion is required to activate this process. N gonorrhoeae may activate NLRP3-mediated signaling through multiple mechanisms. Of note, the gonococcus lacks well-characterized secreted protein exotoxins and a type III secretion system. N. gonorrhoeae does express a secreted proteinase, IgA protease, that actually cleaves and inactivates the lysosome-associated membrane protein 1 in phagosomes. This cleavage results in blockade of the antimicrobial activity of these phagosomes and may promote bacterial survival and cytoplasmic penetration by the gonococcus (44, 45) . Although it is possible that this cytoplasmic penetration by N. gonorrhoeae and the phagosomal disruption that must precede it can lead to NLRP3 activation, we have found that N. gonorrhoeae produces soluble factors that can activate this pathway. Gonococcal LOS appears to be one such factor. N. gonorrhoeae has a heterogeneous LOS (46) . The LOS structures expressed by strains of N. gonorrhoeae vary as a result of phase-variable expression of a number of genes involved in core polysaccharide biosynthesis (47) (48) (49) . The expression of several larger molecular mass LOS appears to be critical in the infectivity of this bacterium in experimental human infection models (50) . Recently, the potency of LOS derived from different gonococcal strains in activating IL-1␤ secretion by THP-1 cells has been correlated to the proportion of LOS-derived lipid A that is decorated by phosphatidyl ethanolamine (51) . Studies into the virulence of and ability to activate NLRP3 signaling by gonococcal strains with defined variation in LOS structures, both oligosaccharide and lipid A, may shed light on the role of this host inflammatory signaling pathway in the pathogenesis of gonococcal infection.
Pathogen-induced cell death is an increasingly recognized phenomena. Gonococcal surface proteins known as opacity proteins have been reported to induce apoptosis in B cells through activation of the B cell surface receptor CEACAM-1 (3) . N. gonorrhoeae has also been shown to induce apoptosis in epithelial cell lines through translocation of the N. gonorrhoeae membrane protein PorB to the mitochondrial membrane (52, 53) . However, exposure to N. gonorrhoeae and gonococcal PorB in epithelial and PMN cells actually induces expression of antiapoptotic genes (54 -57) . It is unclear what the role of these opposing activities on apoptotic cell death play in gonococcal infection. It has been suggested that they may preserve the host cell as a nutrient-rich environment until these cells have been depleted of nucleotide energy sources (56) . Before this study, N. gonorrhoeae-induced cell death in immune cells was not thoroughly characterized with regard to the hallmarks of apoptosis, such as dependence on apoptotic caspase activity. Although epithelial cell lines exert very little antimicrobial activity toward the gonococcus, cells of the immune system may pose a significant threat to the replicating bacteria. Thus, it is not surprising that multiple host cell death pathways may be differentially affected by the gonococcus, particularly depending on the host cell type in question. We have now demonstrated that N. gonorrhoeae-induced cell death in monocytic cells lacks apoptotic hallmarks. Instead, the process appears morphologically consistent with necrosis. Furthermore, N. gonorrhoeae-induced cell death depends on the NLRP3/ASC signaling network in these cells.
Gonococcal infection is associated with localized inflammation with extensive PMN cell recruitment to the site of infection. Unlike apoptosis, necrosis causes the release of many proinflammatory intracellular substances, which lead to PMN cell infiltration of the necrotic areas. Additionally, IL-1␤ is known to promote infiltration of leukocytes through up-regulation of adhesion molecule and chemotactic factor expression. Measurable levels of IL-1␤ have been found in the urine of human subjects with experimental gonococcal infection at the time they develop active infection. Given the findings in this report, N. gonorrhoeae-induced NLRP3 activation and the resulting IL-1␤ production and pyronecrosis in resident tissue macrophages is likely to be a major contributor to the host inflammatory response during gonococcal urethritis. The full compliment of gonococcus-derived factors that can activate NLRP3 remains to be determined.
Other N. gonorrhoeae-associated molecular patterns such as N. gonorrhoeae-derived nucleic acids, peptidoglycan, and lipoproteins may also be able to directly or indirectly activate NLRP3 and contribute to gonococcus-induced NLRP3 activation. Our studies have focused on a population of N. gonorrhoeae, which is predominately piliated and express Opa proteins with opaque phenotypes. In future studies, we will attempt to determine whether adherence or cytoplasmic penetration mediated by these adherence factors enhance N. gonorrhoeae's ability to activate this inflammatory signaling pathway.
N. gonorrhoeae-induced inflammation is associated with many of the major complications of clinical diseases caused by this organism, including pelvic inflammatory disease associated infertility. Inflammation is generally considered an important component of the host immune response to pathogens. The gonococcus is an exclusive and highly adapted human pathogen, which has not evolved significant anti-inflammatory mechanisms despite many other immunosuppressive properties. This suggests that the host inflammatory response to N. gonorrhoeae provides the organism with some survival or transmission advantage and plays a role in the virulence of the pathogen. The data presented in this work demonstrate that N. gonorrhoeae is innately detected by the NLRP3 inflammasome signaling platform to elicit inflammatory signals, including IL-1␤ secretion and pyronecrosis. The NLRP3 signaling pathway is present in many phagocytic cells, including macrophages and other APCs. Activation of this pathway could potentially lead to a robust inflammatory response and at the same time cause death of the APCs, thereby explaining the paradoxical host immune responses seen in natural gonococcal infection.
